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Abstract
Recently developed multi-material optoelectric fibers have showed great potential for
use as photodetectors [1]. Such light-sensitive fibers are flexible and can be weaved
through clothing with a seamless interface. Our team aimed to develop the electronic
hardware for a vest-mounted voice communication system that could incorporate
such fibers. In this thesis, I explored initial designs for a receiver circuit and fully
developed a head-mounted infrared transmitter module. As optoelectric fibers with
sufficient sensitivity and bandwidth were still in development at the conclusion of
our work, conventional photodetectors were substituted in the receiver circuits for
the completed vest system. Nevertheless, the fiber-ready system demonstrated the
potential of a wearable optical communication system and served as a successful
proof-of-concept.
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Chapter 1
Introduction
1.1 Optoelectric Fibers
A novel optoelectric fiber has been developed that can be used as a photodetector
for a line-of-sight communication system. These light-sensitive fibers are constructed
as a core of an amorphous semiconductor surrounded by four tin electrodes and high
glass-transition temperature polymeric insulation. Typical amorphous semiconduc-
tors include As2Se 3 while example insulators include polyetherimide, PEI, PES, and
polyethersulphone [3]. A diagram of an optoelectric fiber cross section is shown in
figure 1-1.
Electrical connections to the fiber can be made by stripping off the outer cladding
and attaching wires via a combination of conductive silver paste and solder [9]. Once
the electrical connections have been made, the fiber can function as a detector for
visible and infrared light. The fibers are uniquely sensitive along their entire length,
which allows for the construction of large detectors as they can be drawn to long
dimensions. In addition, the fibers are omnidirectional and will respond to light
from any angle. Conventional silicon photodetectors are limited to planar shapes and
smaller sizes [1]. Lastly, these optoelectric fibers are flexible, allowing the detector
to be easily placed along curved surfaces or weaved into clothing.
When incident light hits the amorphous semiconductor core, free carriers are gen-
erated. The free carriers allow current to flow between the electrodes [1]. The overall
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Figure 1-1: Diagram of a optoelectric fiber cross section (not to scale).
Figure 1-2: SEM image of a
by four electrodes. [2]
optoelectric fiber. The semiconductor core is surrounded
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(c) (d)
Figure 1-3: Idealized electrical model of an optoelectric fiber under various excita-
tions. [2]
behavior of the optoelectric fiber can be modeled as many large resistors in parallel, as
shown in figure 1-3 (a). Incident light causes the conductance to increase dramatically
(b). As the fiber behaves similarly to a integrator, a dim light spread across a long
section of fiber (c) may produce the same increase in conductance as a concentrated
spot of bright light (d).
1.2 Rational and Objectives
The overall objective of this project is to develop a vest-mounted optical communica-
tion system that can incorporate these fibers as light-sensing elements. This system
will serve as an alternative to radios for voice communication. Optical communica-
tion systems have the advantage that they can easily be made to be directional and
therefore hidden from observers; conventional radios radiate RF energy that can be
detected or intercepted. Once detected, the origin of radio transmissions can be tri-
angulated. Although normally not a concern, such vulnerabilities may be detrimental
in a covert military operation.
In addition to covert applications, the core electronics from the vest system may
be adapted to commercial applications where high spatial selectivity is needed. As
suggested by Professor Fink, hats supplemented with a modified version of the vest
receiver in a baseball stadium could allow announcers to target messages to a specific
area. In case of a home run, the announcer could tell affected rows to watch for
the incoming ball. Another application may be at storefronts in a large mall. A
transmitter mounted in front of the stores may alert passing shoppers of current
sales.
1.3 System Organization
The vest communication system follows the block diagram in figure 1-4. The system
can be roughly divided into three sections: transmitter, receiver, and system board.
Details on the design of the transmitter and receiver will be developed in the subse-
quent chapters. The function of each of the modules can be understood by examining
what happens when the user speaks into the microphone, and when the user hears
voice after receiving data.
When the user speaks into the microphone, the analog audio signal is sampled
by an ADC on the system board and converted into a digital form. Once converted,
the data is compressed using the open source Speex speech compression codec. The
compressed audio data is encapsulated into a packet containing additional header
information and sent to the transmitter as a bitstream. The transmitter converts
the digital data into pulses of light for reception by another vest system. During
reception, the pulses of infrared light are converted back into the original bitstream
and sent to the system board for reverse processing. The reconstructed analog signal
is then used to drive the headphones, reproducing the original sound.
A team of three graduate students developed the vest communication system:
Danny Perry, Agustya Mehta, and myself. Danny Perry worked the system board,
while Agustya Mehta worked on the receiver module. My role in the project was to
perform initial exploratory work on the receiver module and later develop the entire
head-mounted transmitter module. I also was involved in assisting Danny Perry
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Figure 1-4: High-level block diagram of the vest communication system..
resolve problems with the system board.
1.4 Previous Work
The vest system follows in the steps of the Identification and Communication Helmet
(IdCOM-H). Using both optoelectric fibers and silicon photodetectors, IdCOM-H
provided bidirectional communications and rapid friend or foe identification. The
goals of IdCOM-H included:
* Directional line-of-sight communications
* Immunity to RF jamming
* Lightweight and low profile
* Covert operation
* Immunity to source triangulation
Figure 1-5 shows the constructed IdCOM-H system. Voice data was transmitted
via an amplitude modulated signal that was received by the silicon photo detector.
The fibers detected the friend or foe identification signal. On success, the ID system
illuminated the light emitting diode. The initial helmet design was created in Q4
of 2006 and successfully illustrated the aforementioned goals. For additional details,
please refer to [4].
Figure 1-5: Constructed IdCOM-H system [4] (A). With camouflage netting (B).
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Chapter 2
Receiver Module
2.1 Introduction
The receiver module is responsible for detecting the pulses of light sent by the trans-
mitter and reconstructing the original digital bitstream. At the start of the project,
optoelectric fibers with sufficient sensitivity and response time were not available, so
conventional photodiode receiver circuits were explored. The aim was to design fiber-
ready receiver circuits and modulation schemes so that once fibers were completed,
the photodiodes could be replaced by fibers with relatively little effort.
I was responsible for early exploration of photodiode amplifier circuits. As most
of my circuits were laboratory setups, they were not designed to be used in the final
product. Based on these early results, Agustya Mehta designed and constructed a
more robust and sophisticated receiver circuit for use on the actual vest.
2.2 Photodiodes
As the delivery date for suitable fibers was unknown, circuits using conventional
photodiodes were initially examined.
Figure 2-1: Simplified circuit model for photodiode in photoconductive mode (inside
red box on the right).
2.3 Photodiode Model in Photoconductive Mode
A photodiode can operate in two different modes, depending on the voltage used to
bias the device. In photovoltaic mode, the photodiode is unbiased and conducts a
current that is linearly proportional to the amount of light. In photoconductive mode,
the diode is reversed-biased and also conducts current proportional to the amount of
incident light.
As there is no bias in photoconductive mode, there is no dark current, the detector
functions with lower noise. However, the photodiode's response time is slower. In
order to ensure that the system had sufficient bandwidth to transmit high quality
audio, the photodiode was operated in photoconductive mode.
In photoconductive mode, the photodiode is reversed biased by several volts. Once
under reverse bias, the photodiode behaves according to the model in figure 2-1.
As the figure shows, the photodiode behaves as a current source, capacitor, and
resistor in parallel. The value of the current source is linearly proportional to the
number of incident photons. The capacitor represents the junction capacitance. An
important property of the junction capacitance is its dependence on the bias volt-
age. As the reverse bias increases, the depletion region width also increases and
consequently the junction capacitance goes down. A lower capacitance is particularly
important for high speed operation, as the capacitor effectively forms a low pass filter.
ANSIMP
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Figure 2-2: Op-amp transimpedance amplifier
2.4 Photodiode Amplifier Design
2.4.1 Transimpedance Amplifier with Resistor Feedback
As the photodiode operates similarly to a current source, a straightforward method
to detect received infrared light is to use a transimpedance amplifier - a current to
voltage converter. A common implementation using an operational amplifier is shown
in figure 2-2. Note that the photodiode has been simplified to a current source for
this idealized example.
In the steady state with no incident light, node N1 is at -Vias. Since the voltages
at both the inverting and non-inverting inputs to the op-amp are at the same voltage,
the output of the op-amp is OV.
Once incident light turns on the photodiode, current must flow through Rtransimp
because the inputs of the op-amp do not source or sink current. By Ohms law,
the voltage across Rtransimp, as measured from Output to N1 is -IdiodeRtransimp.
In order to maintain the condition that the voltage between the op-amp inputs is
essentially 0, the output voltage must rise. Hence, the equation for the current-to-
Figure 2-3: Receiver Version 1
voltage conversion is
Output = IdiodeRtransimp
The first version of the receiver module was based on the aforementioned tran-
simpedance amplifier because of its simplicity and ease of testing. A practical, real-
izable version of the aforementioned detector is shown in figure 2-3. A comparator
was added to the output of the amplifier to provide a digital output.
The TESP5700 photodiode was chosen by group member Agustya Mehta. The
TESP5700 has several qualities that make it desirable for use as a detector. First, the
photodiode is built with a molded hemispherical lens that provides a half-power view-
ing angle of 1200. The wide angle sensitivity compares favorably to the optoelectric
fibers and makes it a suitable substitute for prototyping. Second, the photodiode has
a response time of approximately 10ns, enabling high speed data transfers. Lastly,
the diode can operate effectively at a 2V reverse bias voltage, which is ideal a system
based on a 3.3V or 5V rail.
The amplifier in figure 2-3 operates using of a single positive 5V supply. The
advantage of a single supply is that it eliminates the need for an additional battery or
a secondary power supply to generate the negative rail, saving valuable board space.
The number of connections to the receiver board is reduced as well. The 2.5V reverse
bias for the photodiode was generated using a simple voltage divider as the precise
value was not crucial. The OPA350 op-amp was chosen for its low input bias current
(10pA), high slew rate (22V/pS), and a high gain-bandwidth product (38MHz). The
typical bias current is much smaller than the expected photocurrent, which was on
the order of 0.1nA. The high slew rate and high GBWP was found to be necessary
as a previous version of the amplifier using the common LM324 with a GBWP with
1MHz failed to perform adequately at the speeds and gain required. The OPA350
was also available in through-hole dual-inline packaging, facilitating prototyping on
solderless breadboards.
The output of the amplifier in figure 2-3 is not connected directly to the digital
input pin on a microcontroller. Instated, the signal is first processed by a comparator
stage. The comparator stage was necessary as the output of the transimpedance
amplifier can easily be less than the minimum input voltage for a logic 1 at long
ranges. At intermediate ranges, it is possible that the output voltage is in between
the maximum input voltage of a logic 0, and the minimum input voltage for a logic 1.
Even if the voltage were within the proper range for a digital output, there would be
no guarantees that the rise and fall times with be in accordance with specifications.
The comparator saturates at the positive rail (+5V) when the input voltage is
above the threshold voltage, and saturates at the negative rail (OV) when the input
voltage is below the threshold voltage. These voltages correspond well to the levels
expected by the digital logic. The threshold voltage is set by potentiometer R5, which
forms a variable voltage divider between +5V and ground.
One problem that may arise when using a compactor is that noisy input could
produce multiple edge transitions. A slowly rising input signal near the threshold
voltage could rapidly move above and below the threshold voltage because of noise.
Figure 2-4 demonstrates noise-induced transistions.
If the digital logic were edge triggered, then these spurious edges may cause mal-
functions. To prevent multiple transitions, the comparator circuit was designed to
have a small amount of hysteresis through positive feedback. With hysteresis, the
threshold voltage is dependant on output voltage. By adjusting potentiometer R4,
Figure 2-4: Noise causing multiple transitions in a comparator without hysteresis.
Horizontal line denotes the threshold level. Courtesy Maxim [7]
the amount of hysteresis could be adjusted to fit the behavior of the noise.
There is no guarantee that output of the comparator will meet the setup and
hold timing requirements for digital logic. The output of the comparator could be
connected to the input of a re-triggerable monostable multivibrator to ensure that
those requirements are met. In practice, however, the circuit functioned well enough
during testing that the monostable was deemed not required.
The final circuit was constructed on a section of perforated board and can be
seen in figure 2-5. The feedback resistor in the transimpedance amplifier was chosen
to be 1MQ for a current-to-voltage conversion ratio of 1V/PA. Higher values were
attempted, but the amplifier had a tendency become unstable and tended to oscillate.
2.4.2 Testing and Performance
The transimpedance amplifier with resistive feedback was tested by illuminating the
photodiode with a 870nm IR LED (TSFF5210) that was matched to the spectral
response of the TESP5700. The LED was driven following the circuit in figure 2-6.
The 2N7000, a common N-channel MOSFET, was chosen as the switching element.
As the TSFF5210 can be operated with a maximum continuous forward current of
Data Out
Photodiode Transimpedance Comparator
Amplifier
Figure 2-5: Constructed Transimpedance Amplifier with Comparator
+5U
R_LIM
33
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Figure 2-6: Test LED driver.
ID
approximately 100mA, a current limiting resistor Rmi, served to prevent damage to
the LED. The signal generator was programmed to produce a square wave that oscil-
lated between OV and 5V. As 5V is much greater than that threshold voltage of the
MOSFET, the square wave would turn the LED on and off. Using this setup, the LED
was driven at various switching frequencies from 1KHz to 1MHz while monitoring the
output of the transimpedance amplifier.
The informal test demonstrated that the transimpedance amplifier was capable
of reproducing the square wave generated by the test LED at frequencies in excess
of 100KHz. The range was approximately 10 feet under fluorescent light found in
typical laboratories. Although the range was short, the test proved that the amplifier
was capable of functioning as an element in a high-speed communication link.
Although simple, the transimpedance amplifier with resistive feedback suffered
from several problems. The main one was that the detector was susceptible to sat-
uration. The problem can be analyzed though figure 2-2. As Idiode increases, the
voltage at Output must increase to keep the voltage at node N1 at -Vbias. Once
Output saturates at the positive rail, the bias voltage can no longer be maintained
and the voltage at Ni can decrease dramatically, to almost zero. With a small re-
verse bias, the intrinsic capacitance of the photodiode increases significantly, leading
to very slow response. At close distances, the output of the amplifier saturates at the
positive rail and the square wave signal can't be discriminated.
Another problem is that the amplifier has no immunity to sunlight. If the detector
is moved outside, the strong infrared content of sunlight leads to the saturation of the
detector. As the vest is meant to be used in all outdoor conditions, sunlight immunity
was a key concern.
2.5 Transimpedance Amplifier with RLC Feedback
To address both saturation and sunlight immunity issues, a small modification was
made in the feedback loop of the transimpedance amplifier. An inductor and a capac-
itor was added in parallel with the resistor as shown figure 2-7. The rationale behind
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Figure 2-7: Transimpedance amplifier with the addition of an inductor in the feedback
loop.
adding an inductor is that the combined RLC tank would have a low impedance, and
therefore low gain, at low frequencies. Because sunlight does not change in intensity
quickly, it can be modeled as a DC offset in the photodiode current and would not
be amplified. The inspiration for this modification came from [6].
Consequently, the transimpedance amplifier with RLC feedback had the potential
to eliminate the dependence on sunlight. As this idea seemed promising, the per-
formance of the amplifier was explored via simulation in LTSpice, a freeware circuit
simulation tool. The values of the RLC tank were chosen to produce a strong response
when excited with a l1pS current pulse. The response of an amplifier to a 1pS, 1PA
pulse can be seen in figure 2-8.
Based on the simulation results, a prototype was designed and constructed. In
the original simulation, the op-amp followed an ideal model. To better predict the
behavior of the prototype, a real op-amp was selected from LTSpice's extensive library
of amplifiers from Linear Technology. In particular, the LT1056 was selected for it's
low noise, low bias current, and relatively high gain-bandwidth product. In schematic
for the prototype, the output of the transimpedance stage was followed by two gain
stages to facilitate viewing of the output signal. In practice, only a single gain stage
was used as the 2 nd stage had a tendency to oscillate. A view of the completed
V(n002) 1(11)
0.0ps 0.5ps 1.0ps 1.5 ps 2.Ops 2.5ps 3.0ps 3 .5 ps 4.Ops 4.5ps
Figure 2-8: Simulated 1pS pulse response for RLC feedback. Green is the 20nA
photocurrent, blue is the output of the amplifier.
prototype board can be seen in figure 2-9.
2.6 Testing
2.6.1 IR Pulse Generator
Although the same setup as figure 2-6 could have been used to test modified amplifier,
relying on the signal generator to drive the MOSFET switch limited the range that
testing that could be performed. The signal generator wall-operated and could not be
moved easily. Even if suitable extension wires could be used, the controls for the signal
generator were cumbersome and made generating pulses of various durations and
frequencies difficult. We were also interested in pulsing the LED's at high currents, an
application for which the existing testing circuit was not suitable. For these reasons,
a hand-held, battery powered infrared pulse generator was desired for testing. The
goals for the IR pulse generator were to:
* Be portable for range testing
* Have swappable LED's for evaluation purposes
* Deliver 1A pulses of adjustable duration and rate
Photodiode Transimpedance
Amp. with RLC
Feedback Gain Stage
Figure 2-9: RLC feedback test board.
The handheld tester follows the block diagram in figure 2-10, and the physical
realization can be seen in figure 2-11. The board was run off a 5V rail that was
generated by passing current from a common 9V battery (PP3) though a LM7805
linear regulator. Although a switching converter would have increased the efficiency
and the runtime of the unit, one was not implemented as the tester would be only
used for short durations.
The first stage oscillator is a NE555 timer was wired to run as an astable oscillator.
The formulas for the frequency and the duty cycle of the oscillator from [8] is given
as
1
fosciator 0.693. (R1 + R2) -C
tow P 0.693 -R2 C
thigh 0.693. (R1 + 2 -R2)
Given that C = 1.5nF, R1 = 1KQ, and 5KQ < R2 < 50K, an approximate
square wave between 9.5KHz and 87KHz can be generated. This range was sufficient
to test the simulated bit rates for compressed ( 10KBps) and uncompressed ( 64KBps)
voice data. As seen in figure 2-11, a 10-turn cermet potentiometer was selected for
Vo
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Figure 2-10: IR pulse generator block diagram
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Figure 2-11: Constructed IR pulse generator
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R2 to allow fine-grain adjustments to the resistance. At the high end of the oscillator
frequency, the waveforms starts to deviate from the ideal square wave shape as R2
becomes similar in magnitude to R1. However, this is not an issue as the subsequent
stage is edge triggered.
The square wave output from the oscillator is sent to a edge triggered monostable
multivibrator. A monostable multivibrator is a device that is stable in one state, but
can be momentarily triggered to reside in an unstable state for a short period of time.
A 74LS122 was selected as it could be configured to output a logic 0 in the stable
state, and configured to output a logic 1 when triggered into the unstable state by a
rising edge on one of the inputs. The 74LS122 effectively generates a pulse of a known
duration for every edge seen on its input. The duration of the pulse, t", depends on
an external capacitor and resistor wired to the device, Rext and Cext, and follows the
relation:
tw = 0.45Rext -Ct [5]
With 500Q < Rext < 5KQ and Cext = 1.5nF, pulses between 0.34ps and 3.4ps
in width can be generated. When triggered by the square wave, the output of the
monostable is a pulse train.
The resulting pulse train is sent to the TC4468 MOSFET driver that serves as a
buffer. Unlike the output of the monostable, the TC4468 possesses high current source
and drain capability. The high current capability was found to be necessary after
observations resulting from a test where the output of the monostable was directly
connected to the gate of the MOSFET. Due to high gate capacitance, the monostable
was unable to fully charge the gate of the MOSFET during the short duration that
the monostable was triggered. Instead, the gate voltage remained below the threshold
voltage of the MOSFET. Consequently, the MOSFET never conducted appreciable
current. The TC4468 was able to charge the gate in a fraction of t", allowing for
proper operation of the MOSFET as a switch.
The IRFZ44N was selected to replace the 2N7000 as the switching element due to
concerns with RDS(ON). The 2N7000 has an RDS(ON) of up to 7.5Q when operated
with a VGS of 4.5V and IDS of 500mA. Such a resistance corresponds to a voltage
drop in excess of 3V. The 2N7000's RDs(oN) would only get worse if the device was
pulsed at 1A. The IRFZ44N has a much lower RDS(ON) of 17.5mQ that enables
operation with negligible switch losses.
Lastly, as we were also interested in testing a variety of LED's with different
emission angles, the handheld tester included female pin header that served as a
socket. Common IR LED's in both T1 and T1-3/4 packages could be connected to
the transmitter without soldering.
2.6.2 Results
After constructing both the transimpedance amplifier with RLC feedback and the
IR pulse generator, a test was conducted on the lab bench. The amplifier and pulse
generator were placed one foot apart. One channel of the oscilloscope was connected
to the MOSFET gate of IR pulse generator while the other channel was connected
to the output of the first gain stage. The trigger was set to fire at a rising edge on
the channel connected to the gate. The IR pulse generator was configured to create
1ps pulses at approximately 66KHz. Figure 2-12 demonstrates that the amplifier
performed very similarly to the simulation.
Range testing was conducted as well. The transimpedance amplifier with RLC
feedback was setup on a lab bench positioned at one end of a long corridor. The
IR pulse generator was configured again to output 1ps pulses at 66Khz and was
equipped with the TSFF5210 IR LED used in previous tests. One person watched
the oscilloscope to see when the pulse was no longer detectable while the other person
holding the pulse generator slowly stepped back. Care was needed to keep the LED
pointed in the general direction of the receiver. The criterion for a detectable pulse
was made arbitrarily; the pulse amplitude needed to be 20mV above the noise floor
to be considered 'good'. Based on this test, ranges of 45 to 50 feet were achieved. At
the those ranges, however, the LED needed to be directly at the photodiode to detect
Figure 2-12: Output waveforms from the test of the transimpedance amplifier with
RLC feedback. Top trace is the gate voltage corresponding to when the IR LED was
illuminated. Bottom trace is the output of the first gain stage.
a signal.
2.7 Future Work
Although the prototype amplifier showed some promise, further work needed to be
done with the anaylsis of the behavior of the RLC feedback loop, the proper selection
of component values, and evaluation of whether the aforementioned amplifier circuit
were suitable for infrared communications in noisy and bright environments.
Following my exploration into amplifiers, Agustya Mehta took over the design
and construction of the receiver and was encouraged to look at different amplifier
topologies and techniques for infrared communication for use in the final vest receiver.
I passed on the existing boards, schematics, and the IR pulse generator. Ultimately,
he designed and produced the final receiver module.
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Chapter 3
Transmitter Module
3.1 Introduction
The transmitter module is responsible for generating the pulses of infrared light ac-
cording to the digital signals sequenced by the system board. The transmitter was to
be constructed from many individual, narrow angle IR LED's. The general require-
ments of the transmitter were as follows:
* Cover a 600 horizontal, 5' vertical field of view (FOV) to the front and back of
the user
* Have multiple, independently controllable, angularly spaced channels of trans-
mission within the FOV
* Be rugged and durable to withstand heavy use
The requirement for a 600 horizontal field of view was proposed as a reasonable goal
by Professor Fink. The field of view was a balance between complexity and usability.
Although a higher field of view would have made it easier to track other users, a larger
and more difficult-to-construct transmitter unit would have been required. The 60'
FOV was also to be segmented into smaller channels so that infrared light would not
need to be sent across the entire field. Instead, only channels that are directly aligned
with the other user need to be illuminated. By allowing independent control, discreet
operation as well as significant power savings could be realized.
Several locations for the transmitter mounting were considered:
* Chest/Back
* Shoulders
* Head
Mounting a transmitter on the chest and back area made sense initially. Since
all the electronics were integrated on to the vest, adding transmitter modules to
the front and back areas would have both reduced exposed wiring and made for a
seamless system. LED's would be threaded thorough the vest for a reduced profile.
Unfortunately, it was determined after an examination of the vest that the fabric was
too flexible to provide for the secure mounting of LED's. There was no way to ensure
that angular spacing between the LED's could be maintained as the user moved and
flexed the fabric. Without accurate angular separation between LED's, blind angles
where data cannot be transmitted could easily arise.
The second option considered was a puck-shaped device that could be mounted on
the shoulder straps of the vest. As the puck is still mounted on a section of the vest,
exposed wiring would be minimal as well. Within the puck, LED's could be fixed in
position so that user movement would not affect horizontal alignment. A puck would
be placed on each shoulder for the necessary coverage. A possible issue with the
shoulder mount would be that if the module were out of alignment (pointed toward
the ground or to the sky), it would be difficult to correct as shoulder movements are
not natural for the end user. In addition, if the user were crouching or laying down,
the the module would be misaligned vertically.
The last option considered was a head mount. By using a strap similar to the
ones used on headlamps, two transmitters would be mounted on the head: one on the
forehead and another on the occiput. The two transmitters combined would cover the
requisite 600 field of view forward and backward. The advantage of a head mount is
that controlling the alignment is easy and natural for most people. The beam could
be directed toward the target user simply by looking straight at the other person. In
addition, in the crouching and prone positions, the transmitter could still be effective
provided that the user is able to raise his head. The disadvantage of the head mount is
that additional wires will need to be routed from the vest, compromising the aesthetics
and durability. Despite this drawback, the benefit of having a easily steerable beam
made the head mount the best option.
3.2 LED Selection and Mounting Pattern
During the early phases of the project, Agustya Mehta performed some preliminary
work on selecting a suitable IR emitter. One of the candidates, and the one chosen
for the final transmitter, was the Osram SFH4550. The SFH4550 is a high intensity
emitter with an atypical narrow half-power emission angle of 60. The narrow emission
allows for longer range and lower susceptibility to detection.
A minimum of 10 LED's would have been required to cover the requisite 60' field
of view using an angular spacing of 6' per LED. Instead of the minimum necessary,
a more conservative pattern with each LED covering only 50 was selected for the
transmitter. The conservative pattern uses 13 LED's to cover a 650 field of view. To
make the number of LED's even, another LED was aligned in the forward direction so
that the user could have the benefit of additional range when looking directly ahead.
3.3 LED Alignment
Given that the LED's would have to be aligned at particular angles, the challenge was
to figure out how LED's could be mounted in a rigid assembly with precise angular
alignment. The initial idea was to construct a block with a series of holes drilled at
various angles, relative to a designated front face. Then LED's would be inserted
into these various holes and wired up. Constructing the block, however, would have
been time consuming as there would be significant overhead in setting up a milling
Table 3.1: Angular alignment of LED's
LED Index Angle LED Index Angle
(Top Row) (Bottom Row)
1 -300 8 -250
2 -200 9 -150
3 -10 o  10 -50
4 00 11 00
5 100 12 50
6 200 13 150
7 300 14 250
machine to make angled drill hits. After constructing such a block, soldering wires
from the LED's to support circuits would be time consuming and error-prone as well.
To address these construction issues, a different mechanism was employed that
took advantage of the rigidity of the FR-4 substrate used in PCB's and the strength
of the leads on the LED's. The key idea was that LED's could be aligned to particular
angle with respect to the PCB, and then soldered in place. Provided that the PCB
was sufficiently rigid and the LED was a through hole component, the soldered joint
would prevent the LED from moving and angular alignment would be maintained.
The disadvantage of relying on the PCB to fix the alignment is that a moderately
complex mechanism is necessary to align the LED before soldering. However, once
built, many transmitter modules could be populated with less effort than the first
proposed solution. Figure 3-1 and 3-2 show the desired construction of a PCB with
aligned LED's. The 14 LED's were to be arranged in two rows of seven columns. The
columns were spaced at 0.3" whereas the rows were spaced at 0.45". The layout of
the PCB can be seen in the appendix figure B-7.
Facing the front lens, the LED's are numbered as follows: the right most LED on
the top row is LED1. The index increases sequentially across the top row to LED8
in the left most position. The right most LED on the bottom row is LED9, and the
index also increases sequentially to LED14 in the left most position. These indices
will be used to reference specific LED's. Table 3.1 shows the angular alignment for
all the LED's.
7 Columns
2 Rows
Figure 3-1: Front view of a PCB with aligned LED's. The front lens of each LED
has been outlined for easier viewing.
+30* 0 -300
Figure 3-2: Overhead view of the PCB showing populated LED's on the top row. An
outline of the center LED has been added to clarify the general shape of each LED.
Note that the angles are measured with respect to the normal of the PCB plane, as
seen with the right most LED. The red dots represent the center of the solder pad
for each LED, which is also the intersection of the LED axis and the PCB plane.
r
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Selector Selector Support
Rotary Guide Rod Guide Rod
Stage Support
Figure 3-3: Custom machined fixture used to align transmitter LED's
3.3.1 Alignment Fixture Design
The fixture created to align LED's with respect to the face of a PCB can be seen in
figure 3-3.
The basis for the fixture was that a rotary stage could be use to turn an object
to precise angles with respect to the rotation axis of the stage. If a LED solder pad
(red dot in figure 3-2) could be made to coincide with the rotation axis of the stage,
then arbitrary angles around the solder pad can be formed. Using this idea, the setup
would involve using a support to fix the center of the solder pad to the rotation axis
of the stage. Then, as the rotary stage is turned, the LED could be moved to any
angle with respect to the PCB and then soldered in place. Figure 3-4 is an example
of how a rotation can be performed. A LED has been inserted into solder pads on the
Figure 3-4: Overhead view of PCB with an LED in solder pad, in the process of
rotating, as evinced by the arrows. The red dot represents the rotation axis of the
rotary stage, coming in/out of the page. The LED has been outlined in white and is
fixed to the inside of the guide rod (outlined in indigo).
PCB and mounted inside a guide rod that is fixed relative to the base of the rotary
stage. The mounting mechanism for the PCB has been set so that the axis of rotation
for the stage coincides with the red dot. As the stage is turned, the angle between
the LED axis and the PCB plane changes accordingly.
The fixture was built on top of an 8" by 10" by 1/2" optical breadboard (Thorlabs
P/N MB810) with 1/4"-20 tapped holes in a 1"-spaced grid. A rotary stage (Newport
P/N RSP-2T) was mounted on one end of the breadboard. Mounted directly on top
of the rotary stage were the two row selectors. The row selectors were aluminum
rods turned on the lathe to specific lengths. By switching to row selectors of different
lengths, the column selector fixed on top of the column selector could be raised and
lowered.
On top of the row selector is the column selector to which the PCB support is
attached. The column selector is a wide plate that has 7 pairs of screw holes. The
holes in each pair are spaced so that the PCB support can be screwed in. Each pair
of holes is offset by 0.3" so that by screwing the PCB support to different hole pairs,
the position of the PCB can be shifted by multiples of 0.3" (the horizontal spacing
of the LED's on the PCB). Both the column selector and the PCB support are sized
so that the solder pad located closest to the center of the column selector intersects
both the rotation axis of the rotary stage and the axis of the guide rod.
The guide rod holds an LED but can be moved closer or further from the solder
pad located closest to the center of the column selector. The guide rod was made from
a precision, case-hardened 3/8" steel shaft. On one end, a 5mm longitudinal hole was
drilled to hold a T1-3/4 LED in place. The guide ride slides inside the guide rod
support that is bolted down about 1" away from the rotary stage. A previous version
of the guide rod was made from Delrin (acetal homopolymer), but it was found to
be difficult to use in the fixture. The Delrin rod was dimensionally uneven when it
arrived from the supplier and needed to be finished on the lathe. Due to the relative
thinness of the rod, it was difficult to mount rigidly and only a rough surface finish
could be formed. Once mounted in the support, the rough surface would result in a
loose, uneven fit. Furthermore, as the rod moved along the support, the roughness
would frequently catch on the edge of the hole and result in jerky movement. Because
of these issues, the guide rod was remade made from a precision shaft.
The procedure for placing a single LED onto the PCB is as follows:
1. Select the proper row selector for the desired LED position. A short one is
required for the top row while a long one is required for the bottom row.
2. Thread a bolt through the mounting hole on the column selector and then
through row selector. Screw onto the rotary stage.
3. Attach the PCB to the PCB supports and screw into the desired column hole-
pair.
4. Turn rotary stage to the desired angle for the selected LED.
5. Move guide rod away from the PCB and insert an LED into the end.
6. Move the guide rod toward the PCB, carefully inserting the leads of the LED
into the solder pads
7. Solder the LED in place and trim leads using 600 flush cutters. 00 flush cutters
provide insufficient clearance.
The process was repeated for all 14 LEDS. Through this fixture, LED's could be
mounted at different angles with respect to the plane of the PCB.
3.3.2 Testing
A verification test of the angular alignment was made by populating a LED board
with visible LED's. The TCLR5800, a red LED, was selected due to it's similar
emission angle to the SFH4550. The advantage was that the red light output could
be projected onto a flat surface and viewed with the naked eye. As the light from the
LED's did not need to be modulated for this test, a simple LED board that required
no driver was used. The LED's on the simple board were configured in series. Each
row of LED's was wired in series with a 270Q current limiting resistor and driven at
16V. A small rectangular box was machined from Nylon 6/6 to hold the LED board
in place. The view of the LED board with the nylon enclosure can be seen in figure
3-5.
The radiation pattern can be seen in figure 3-6. Even though the surface was only
two feet away from the source, the pattern is reasonably uniform.
3.4 Driver Board
At the start of transmitter development, the Agustya's receiver module expected a
1ps pulse of light for a 1 and an absence of a pulse for a 0 in the data bit stream.
Although the system board would control when the LED's were on and off, the
transmitter interface was designed with such a data transmission scheme in mind.
Figure 3-5: Left: Aligned visible LED's mounted inside a plastic enclosure. Right:
LED function test.
Figure 3-6: 65' degree wide emission pattern from 14 LED's showing good horizontal
angular alignment. The intrinsic design of the narrow-angle red LED's used for this
test produces the square spot pattern. Target surface was 2 feet from source. Note
that the center spot is brighter as there are two LED's aimed at 0O
Ai
The advantage of a pulsed transmission scheme is that higher radiant power out-
puts can be achieved. At a data transmission rate of 10KBps, the worst case duty
cycle can be calculated as follows:
D = 10. 103Hz -10-6s
D = 0.01
As duty cycle D is very low and the pulse width is short, the SFH4550 IR LED
can be pulsed at up to 1.5A. As higher current translates almost linearly to a higher
radiant output, a higher current is desired to increase the transmission rage.
As seen with the IR pulse generator in section 2.6.1, appropriate driver circuits
are needed to control pulses of current sent to the LED. A simple interface such as the
circuit in figure 2-6 was initially considered for the transmitter. Duplicating 2-6 for
each LED would result in a parallel interface that consists of 16 wires: one for +5V,
one for ground, and a control wire for each LED. While simple, the large number of
wires would add to the bulk of the system and also degrade reliability.
Instead of a parallel method of control, a serial interface was adopted to reduce
the number of wires from 16 to 5. The serial scheme takes advantage of how the
LED's would be driven by the system board. In most cases, groups of LED's would
be driven together with the same waveform. In such cases, direct control of each
LED's is unnecessary. The proposed system interface uses a pair of serial control
lines to select which LED's may be illuminated and a strobe line that illuminates
the selected LED's. The essentials of 2-6, such as using current limiting resistors and
MOSFET swtich, are still used in this design. A block diagram of the system board
interface circuits can be seen in figure 3-7
The three control lines are labeled D, CLK, and STRB. D and CLK feed into the
74HCT164 8-bit serial-to-parallel shift register. D represents the input data. At the
rising edge on CLK, the shift register reads in the logic value at D and loads the value
as the least significant bit of the output. Simultaneously, all of the previous bits are
shifted to their respective more significant bit. The output of the shift register is used
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Figure 3-7: Block diagram of the LED driver and system board interface. Black lines
indicate control flow, red lines indicate power flow
to drive high-side switches that are in series with each LED.
Separate from the shift register is the STRB (strobe) line. STRB is controls the
state of a low-side switch to which all of the cathodes of the LED's are connected.
When STRB is high, all selected LED's become illuminated. Effectively, the low-side
and high-side switches act as an AND gate; the LED must be selected via the shift
register and the STRB line driven high before it will illuminate. The low-side switch
was made to control current going through all LED's as an N-channel MOSFET could
be easily driven in this configuration. Due to the superior electron mobility, high-
current N-channel MOSFET are more prevalent than their P-channel counterparts.
For the physical electrical interface, a pin header footprint was used to connect
a wire harness from the driver board to the system board. At the end of the wire
harness, a Molex SL series connector mated with the system board. The Molex SL
connector was chosen for its positive locking mechanism, relatively low profile, and
similarity to pin headers for ease of prototyping. The pinout of the connector is shown
in table 3.2
Table 3.2: Driver board external connector (5-pin Molex SL)
Pin Name Description
1 VDD +5V
2 GND Ground
3 D Shift register data in
4 CLK Shift register clock
5 STRB Strobe selected LED's)
Table 3.3: Channel LED grouping
Channel (nth bit) LED's in Channel Angles Covered
0 1 8 -33' to -22'
1 2 9 -23' to -120
2 3 10 -13' to -2'
3 4 11 -3' to 30
4 5 12 2' to 130
5 6 13 120 to 230
6 7 14 220 to 330
7 Unused
As the shift register is only 8-bits wide, not all 14 LED's can be independently
selected. Another shift register could have been added without needing additional
control lines by routing the output of the most significant bit of the first register as
the input to the second. Then, by sharing a clock, the shift registers would together
behave as a single 16-bit unit. In the interest of keeping the size of the driver board
small, having 8 channels was deemed sufficient. The control for the high side switches
were grouped in pairs, so that a output bit controls the high side switch for two LED's.
One bit of the shift register was left unused. The table 3.3 enumerates the channels
controlled by the shift register.
The schematics for the driver can be seen in appendix figures B-3 and B-4, along
with a view of the final board layout in appendix figure B-6. Although the LED's are
rated at 1.5A, they were driven at approximately 1.2A due to the difficulty in finding
suitable valued current limiting resistors. Also, noteworthy is that a fairly large pair of
input capacitors was selected for power input filtering. This was due to concerns that
the long current carrying wires that connect the transmitter to the system board
would have too much inductance and result in poor transient performance due to
voltage drops on the power rail. A pair of 330pF, surface mount capacitors (Kemet
vB76006D3379MO25) were selected for their low-ESR (25mQ) and compact size.
In terms of transient current demands, the worst case scenario is when all of the
LED's are selected and pulsed at the same time. The peak current demanded by the
LED's is:
14 LED's
peak 1.2A/LED
Ipeak = 17A
The voltage effects of a 17A, 1ps pulse, can be estimated by modeling the LED's
as a constant current load during the time interval. The capacitor can essentially be
seen as the only source of current if the inductance of the power leads is considered
to be great enough so that the current change is negligible over the 1ps time scale.
In reality, such a situation is unlikely but serves as the worst-case scenario. Figure
3-8 shows the circuit model for calculating the voltage drop.
Over the 1[uS second pulse, the voltage drop across the current source comes from
the drop due to the ESR and the reduction in voltage across the capacitor as it
discharges.
AV = - Ipeak RESR
Cfilter
AV =- Ipeaktpulse _p
Cf te IpeakRESR
Cfilter
AV = -17A. ls 17A - 13mQ
660pF
AV = 0.25V
A drop of 0.25V represents only about a 5% drop in the +5V voltage rail. Con-
sidering that the current going through each LED does not have to be precise, such
a drop was acceptable for our purposes.
RESR
13m
IPEAK
17A
C_FILTER
660u
6TD
Figure 3-8: Circuit model of input capacitor for short time scales. Lumped filter
capacitor has a value of 660pF with an ESR of 13mQ2. For small voltage drops, the
worst-case load can be modeled as a constant current source of 17A.
3.5 Board Assembly
3.5.1 Overview
As the layout of the driver PCB in appendix figure B-6 shows, there are a large
number of small surface mount components on each driver board. Previously, all
surface mount components for this project were soldered manually. While it is possible
to solder the components by hand, a faster, more reliable method using a laser cut
stencil and solder paste was used to mount all the components. The laser cut stencil is
essentially a sheet of 4 mill Mylar film with apertures cut into the film that correspond
to the surface mount solder pads.
The general process for populating a board using a stencil is as follows: When the
PCB is ready to be assembled, the stencil is placed over the the PCB and aligned so
that the apertures are aligned directly over the solder pads. Using a squeegee, solder
paste is spread across the surface of the stencil. The aperture only allows solder paste
to contact the PCB on the solder pads, and the amount of solder paste is regulated
by the thickness of the stecil. Then as the stencil is lifted away, solder paste is only
left behind on the pads. Components are then placed onto the board using tweezers.
The solder paste is sufficiently tacky to hold the components in place. Once all the
components have been placed, the PCB is heated to reflow the solder paste.
3.5.2 Assembly Details
Placing Components
Step-by-step photos of the assembly process, except for the final reflow step, can be
seen in figure 3-9.
1. The PCB is mounted on a fiat sheet of aluminum using removable, double-sided
adhesive tape. A 0.031" thick aluminum shims, which are the same thickness
as the PCB's, are taped next to the PCB, also using removable, double-sided
tape. The shims serve to clamp the board in place and provide a level surface
for the stencil.
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Figure 3-9: Surface mount component assembly using solder paste with stencil. For
details see 3.5.2
2. The stencil is aligned over the PCB and held in place with removable double
sided tape.
3. A large dollop of Kester Type R500 63/37 solder paste is spread over the aper-
tures on the stencil using a squeegee. A credit card was found to work well for
this purpose. The excess is scraped off.
4. The stencil is carefully lifted off of the board and cleaned with alcohol to prepare
for the next use.
5. Components are placed onto the PCB using fine, curved tip tweezers. Movement
is avoided to prevent smearing of the paste.
6. The PCB is gently lifted off the aluminum sheet and is ready to reflow.
Reflow
Once the components have been placed on the PCB, the board must be heated to
reflow the solder paste. As professional reflow ovens are expensive and impractical
for small runs, a simple setup based on a laboratory hot place was assembled as seen
in figure 3-10.
The setup consists of an adjustable-temperature hot plate with a heat spreader
and a thermocouple. The heat spreader is a 2.5" by 4" by 0.5" block of aluminum
that has been sanded flat. The heat spreader was used as there were concerns that
the hot plate's surface would have uneven heating. The high thermal conductivity
of aluminum coupled with the thickness of the block would ensure that temperature
variations across the top surface of the block would be minimal. A .080" hole that
terminates at the center of the block was drilled so that a fiberglass-clad, type-K
thermocouple could be inserted. The thermocouple was used ensure that the reflow
temperatures were appropriate. To absorb smoke from the flux, a fume extractor was
place next to the hot plate.
The reflow process was started with all components cold. The PCB was placed on
the heat spreader and the hot plate was set to about 225 0 C. The hot plate warmed
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Figure 3-10: Reflow setup
the block at about 0.5°C/s to 1°C/s. Although this was lower than commonly rec-
ommended, there were no problems with the reduced heating rate. The temperature
was monitored carefully so that once the heat spreader reached 225 0 C, the board was
left to reflow for about 30 seconds, after which the heat spreader and the board was
taken off of the hot plate to cool.
3.6 Physical Construction
The head mounted transmitter consists of the board that holds the LED's in align-
ment, the driver board, the plastic housing, and the head strap. The LED board and
the driver board are soldered together via a 16 pin male header that provides both
an electrical and physical connection between the two boards. The combined PCB
module then fits inside a plastic housing that provides impact protection, a infrared
filter mount, and a physical interface to the pivot on the head strap.
3.6.1 Housing
The housing for the boards was initially planned to be made using the same process
as the housing in figure 3-5. However, machining Nylon proved to be difficult and
time consuming. Due to the thin wall design, adequate clamping without distorting
the stock as difficult to achieve. Due to the clamping force, the housing used in the
visible LED test was slightly bowed inward. Also, machining plastic had to be done
slowly and with ample coolant as the chips had a tendency to melt to the end mill
and the work piece. For these reasons, construction using a 3D printer was explored
with a revised design of the housing.
The revised housing for the boards was modeled in Solid Works 2008 SP4 and
measured approximately 2.8" wide, 1.4" tall, and 0.7" thick. The front face of the
transmitter has four 2-56 screw mounts that enable mounting of a infrared filter. The
back of the housing also has a series of 2-56 screw mounts for mounting the PCB
and a plastic cover that protects the driver circuit board. A cross-drilled boss on
the bottom of the unit allows the transmitter to be screwed on to a pivot on the
Figure 3-11: A 3D model of the transmitter unit next to a constructed unit. The
front filter has been removed to show the LED board.
headstrap.
The unit was built via fused deposition modeling using a Dimension Elite 3D
printer. The model in Solid Works was exported to a STL file format and im-
ported into the Catalyst EX software for tooling. The printer was loaded with black
ABSPlus, a plastic similar to ABS but about 40% stronger. The black plastic was
selected as it was opaque to infrared light and prevented light leaks from the side
walls. A water-soluable support material was used during construction to simplify
finishing. A back cover that protects the circuit board was also made using the Di-
mension printer. A rendering of the 3D model as well as a constructed transmitter
unit can be see in figure 3-11;
3.6.2 Head Strap
The head strap that mounts the transmitter unit onto the user's head was adapted
from a Streamlight 61405 Enduro LED Headlamp. Adapting the head strap from
an LED headlamp proved advantageous as LED headlamps have the similar need for
stability and adjustability. The stability is provided by an elastic band that goes both
over and around the head. The up-down emission angle can be changed by rotating
transmitter unit about the pivot while the side-to-side emission angle can be changed
Figure 3-12: A front view of the finished transmitter, as worn by a Danny Perry.
by shifting the strap on the user's head.
Two modifications were required to be made to the Streamlight headlamp. The
lamp was removed by unscrewing the pivot bolt from the pivot plate. Then, a pivot
plate from another Streamlight was threaded to the back. Transmitters were then
screwed in placed of the lamps on the pivot plates. Figure 3-12 shows a completed
transmitter unit mounted on a user.
3.7 Testing
A testing platform for the transmitter unit was developed using an Olimex AVR
development board (AVR-P40-8535) equipped with an Atmel Mega64 microcontroller.
The internal UART module was connected to an RS-232 level translator so that a
serial console could be used to issue testing commands. The transmitter under test
was connected to the development board through a 5-pin header. The D, CLK, and
STRB lines were controlled by port D and were bit-banged in the appropriate fashion.
The serial console was implemented using an interrupt hander that was executed
Figure 3-13: Transmitter testing platform. The transmitter on the left is connected
to the AVR development board via 5-pin header. A serial console enables different
testing commands to executed.
whenever a byte was received. The handler would record the received byte in a buffer
until the buffer ran out of space, or a carriage return (CR) was received. A CR would
indicate that the user desired to execute the typed command. Hence, once a CR was
received, the handler would match the typed text in the buffer to a list of known
commands. If a match were found, the respective command was executed.
While the command was still executing, the interrupt handler would still be active.
The interrupt handler was programmed to listen for a break (typically produced by
CTRL+C) but ignore all other characters. When a break was received, the currently
executing command would be notified via a shared variable to stop executing. Once
the executing command returned, the prompt was reprinted and the console would
be ready to accept another command.
Two commands were implemented for testing purposes: s(trobe) and allon. S(trobe)
required a single argument that specified a channel. When s(trobe) was executed, the
particular channel was selected and turned on. As the name suggets, allon selected
all channels and turned them on. The s(trobe) command was useful for verifying
that each channel could be independently selected. The allon command was useful
for quickly verifying that the unit was working properly. A screenshot demonstrating
the use of the serial console can be see in figure 3-14.
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Figure 3-14: Screenshot of the serial console during testing. The prompt symbol is
%, and the commands executed served to test each channel individually.
The test platform was coded in C and compiled using AVR-GCC. A listing of the
main source can be seen in appendix A.
Chapter 4
Results and Future Work
Once the transmitter, receiver, and the system board were completed, the modules
were assembled together by Danny Perry. The modules were connected by 26-gauge
wire harnesses fitted with matching Molex SL connectors. The completed system
before integration into the vest can be seen in figure 4-1. At the time of integration,
the receiver was outfitted with a photodiode as suitable fibers were still not available.
Two sets of the system shown in figure 4-1 were constructed in order to create
two identical vest systems. Once both sets were assembled, a voice check was run to
verify the operation of both receivers and transmitters. During the voice check, each
transmitter and receiver was isolated and tested to see if it could property transfer
voice data. Once both sets were working, they were mounted inside the vest.
To provide durability, all circuit boards were first covered in PVC heat shrink.
PVC was chosen over common alternatives such as polyolefin as PVC is much more
rigid once cooled. Once encased in multiple layers of heat shrink, the resulting boards
were affixed to the vest via Velcro. The loops were attached to the heat shrink surface
with 3M Acrylic Plus Tape. The hooks were glued on to the vest using a polyurethane
adhesive and sewn for additional durability. The Velcro mount greatly facilitated
removal and reinstallation of the different components.
The assembled vests were tested by Agustya Mehta and Professor Fink outdoors
during an overcast day outside Killian Court, MIT. The appearance of the vests can
be seen in figures 4-2 and 4-3. Testing revealed that with the current design, ranges of
2 Transmitters
Headset
Receivers
System Board Power Source
Figure 4-1: Assembled system before integration into the vest.
approximately 50 feet were attainable. Professor Fink tried out various positions and
formations and concluded that the vest had enough flexibility as a proof-of-concept.
4.1 Future Work
As previous mentioned, optoelectric fibers with sufficient sensitivity and bandwidth
to receive voice data are still in development. Once they are ready, the fibers will
need to be interfaced to the receiver circuit and mounted on the vest.
In addition, the system board currently configures the transmitter to illuminate
all 7 channels equally. To reduce the visibility of communication, the system board
should only illuminate channels that are directed toward the other user. The location
of the other user could be discriminated by a reply packet from the other user that
encodes the source channel.
Once such changes are in place, a more rigorous evaluation of the system using
specific scenarios should be conducted as well.
Figure 4-2: Agustya Mehta wearing the final vest system. Note that the circuits have
been cleanly integrated into the inside of the vest. The small black dot in the center
of the vest is the exposed detector.
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Figure 4-3: Professor Fink (right foreground) and Agustya Mehta (left background)
performing range and function testing in Killian Court, MIT.
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Appendix A
Transmitter Test Platform Source
#include <avr/io.h>
#include <util/delay.h>
#include <stdio.h>
#include <avr/pgmspace.h>
#include <stdint.h>
#include <avr/interrupt.h>
#include <string.h>
#include <stdlib.h>
#include "console.h"
#include "adc.h"
#include "pins.h"
#define bool char
#define false 0
#define true 1
// I/O functions
void IoInit(void);
void led(bool state);
inline void xmitDOn(void);
inline void xmitDOff(void);
inline void xmitCLKOn(void);
inline void xmitCLKOff(void);
inline void xmitCLKToggle(void);
inline void xmitSTRBOn(void);
inline void xmitSTRBOff(void);
////////////////////////////////////////
// Delay functions
void delayls(void);
void delayl0s(void);
// Transmitter Test functions
inline void xmitloadReg(uint8_t val);
inline void xmitStrobe(void);
// For handling commands
// Size of buffers for string operations
#define BUFFER_SIZE 64
#define PROMPT "%% "
#define MAX ARGS 4
char commandBuffer[BUFFER_SIZEI;
char strBuffer[BUFFER_SIZE];
uint8_t bufferIndex=O;
volatile bool userBreak = false;
volatile bool run = false;
void uartInit(void);
void uartSend(unsigned char data);
unsigned char uartReceive(void);
static int uart_putchar(char c, FILE *stream);
static FILE serialStdout = FDEVSETUPSTREAM(uartputchar, NULL, _FDEVSETUP_WRITE);
void executeCommand(void);
// Clears the screen
#define clrscr() uartSend(12)
// Interrupt handler for receiving serial
ISR(USART_RXC_vect) {
char c = UDR;
// If it's a carriage return, then it means that a command has been entered
if(c == 13) {
// Null terminate the string
commandBuffer[bufferIndex] = '\0';
printf("\n");
sei();
userBreak = false;
executeCommand();
printf(PROMPT);
bufferIndex=O;
}
// For back space, go back in the buffer and erase the typed character
else if(c == 8 ) {
if(bufferIndex > 0) {
commandBuffer[bufferIndex-1] = '\0';
bufferIndex--;
uartSend(8);
uartSend(' ');
uartSend(8);
}
}
// User break
else if(c == 3) {
userBreak = true;
}
// Save the character into the command buffer, if it is a valid character
else if(((c >= 'a' && c <='z') II (c>='A' && c<='Z') II (c>='O' && c<='9')
II c==' ') &&
bufferIndex < BUFFER_SIZE ) {
commandBuffer[bufferIndex] = c;
bufferIndex++;
// Echo the character back
uartSend(c);
struct Command {
const char *name;
int (*func)(int argc, char **argv);
};
int ledCmd(int argc, char **argv);
int printadc(int argc, char **argv);
int measure(int argc, char **argv);
int allon(int argc, char **argv);
int s(int argc, char **argv);
static struct Command commands[] = {
{"led", ledCmd},
{"printadc", printadc},
("measure", measure},
{"allon", allon},
{"s", s},
};#define NCOMMANDS (izeof
#define NCOMMANDS (sizeof(commands)/sizeof(commands[O]))
// Timer functions
// Timer 1 is responsible for refreshing the display at 5Hz
void timerlInit(void) {
// Set to reset every 200ms
OCR1A = 6250;
//OCR1B = 3125;
// Set the prescaler to /256 and Set to clear timer on compare match
TCCR1B = (4 << CS1O) I (1 << WGM12);
// Enable compare A interrupt
TIMSK I= (1 << OCIEIA); // (1 << OCIEIB);
float v_scale = 9.17 / 0.571;
#define MIN_V 25000
uint32_t time;
ISR(TIMER1_COMPA_vect) {
uintl6_t value;
uintl6_t mvy;
time += 200;
if(run == true) {
value = ADC_convert();
ADC_voltage(value, &mv, v_scale);
printf("%u.%u\t%d.%O3d\n",
(unsigned int)(time/1000.0), (unsigned int)(time/100.0)10,
mv/1000, mv%1000);
if(mv < MIN_V)
led(l);
else
led(O);
ISR(TIMERlCOMPB_vect) {
//ledOff();
}
int main(void)
// Initialize devices
IoInit();
timerlInit();
uartInit();
ADC_init();
time = 0;
// Redirect stdout to the serial port
stdout = &serialStdout;
// Set up the console
blackBackground();
whiteText();
clrscr();
// Enable global interrupts
sei();
// Wait for commands
printf(PROMPT);
while(1);
return 0;
}
void IoInit(void)
{
// Built in LED
LED_DDR 1= _BV(LED_BIT);
// Transmitter pins
XMIT_DDR I= _BV(XMITDBIT) I _BV(XMIT_CLK_BIT)
_BV(XMIT_STRB_BIT);
}
void led(bool state)
if (state)
LED_PORT &= -_BV(LED_BIT);
else
LED_PORT I= _BV(LED_BIT);
int ledCmd(int argc, char **argv) {
if(argc != 2)
printf ("Invalid arguments for %s\n", argv [0]);
else {
if(!strcasecmp(argv [1] , "on"))
led(1);
else
led(O);
return 0;
// Delay functions
void delayls(void) {
for(int i=O; i<40; i++)
_delay_ms(25);
}
void delayl0s(void) {
for(int i=O; i<400; i++)
delayms (25);
void executeCommand(void) {
uint8_t i, argc;
char* argv[MAXARGS];
char *lastarg;
// Null terminate in case of error
commandBuffer[BUFFER SIZE-1] = '\0';
// Search for the beginning of the first argument, and mark pointers
argc=1;
argv[O] = commandBuffer;
lastarg = commandBuffer;
for(i=0; i<BUFFER_SIZE-1 && commandBuffer[il!='\0'; i++) {
if(commandBuffer[i]==' ') {
if(argc >= MAXARGS) {
printf("too many arugments!\n");
break;
}
argv[argc] = commandBuffer + i + 1;
argc++;
commandBuffer[i] = '\0';
for(i=0; i<NCOMMANDS; i++) {
if(!strcasecmp(commands[i] .name, argv[O])) {
commands[i].func(argc, argv);
break;
}
}
if(i==NCOMMANDS)
printf("Invalid command '%s'\n", argv[O]);
int printadc(int argc, char **argv) {
ADC_print();
return 0;
}
// Start measuring voltage vs. time
int measure(int argc, char **argv) {
// Set up
ADC_setChannel(0);
time = 0;
userBreak = false;
printf("Sec:\tVolts:\n");
run = true;
// In this loop, the timer interrupt handles sampling the ADC
while(!userBreak);
run = false;
led(0);
return 0;
}
inline void xmitDOn(void)
{
XMITPORT 1= _BV(XMIT_D_BIT);
}
inline void xmitDOff(void)
{
XMIT_PORT &= ~_BV(XMIT_D_BIT);
}
inline void xmitCLKOn(void)
{
XMIT_PORT 1= _BV(XMIT_CLK_BIT);
}
inline void xmitCLKOff(void)
{
XMIT_PORT &= ~_BV(XMIT_CLK_BIT);
}
inline void xmitCLKToggle(void)
{
xmitCLKOn();
xmitCLKOff();
}
inline void xmitSTRBOn(void)
{
XMIT_PORT I= _BV(XMIT_STRB_BIT);
}
inline void xmitSTRBOff(void)
{
XMIT_PORT &= ~_BV(XMIT_STRB_BIT);
}
int allon(int argc, char **argv)
uint8_t i;
while(1) {
for(i=O; i<8; i++) {
xmitloadReg(_BV(i));
xmitStrobe();
}
if(userBreak)
break;
_delay_ms(0.2);
}
return 0;
}
int s(int argc, char **argv)
{
uint8_t ch;
if(argc != 2)
printf("Invalid arguments for %s\n", argv[01);
else {
ch = strtol(argv[1], NULL, 0);
if(ch > 7) {
printf("Invalid channel: %u\n", ch);
return 0;
printf("Strobing channel %u\n", ch);
while(1) {
xmitloadReg(_BV(ch));
xmitStrobe();
if(userBreak)
break;
_delay_ms(0.2);
}
}
return 0;
inline void xmitloadReg(uint8_t val)
{
(val & Ox80) ? xmitDOff()
xmitCLKToggle();
(val & Ox40) ? xmitDOff()
xmitCLKToggle();
(val & Ox20) ? xmitDOff()
xmitCLKToggle();
(val & Ox10) ? xmitDOff()
xmitCLKToggle();
(val & Ox08) ? xmitDOff()
xmitCLKToggle();
(val & Ox04) ? xmitDOff()
xmitCLKToggle();
(val & Ox02) ? xmitDOff()
xmitCLKToggle();
(val & OxO1) ? xmitDOff()
xmitCLKToggle();
xmitDOff();
: xmitDOn();
: xmitD0n();
: xmitDOn();
: xmitDOn();
: xmitDOn();
: xmitDOn();
: xmitDOn();
: xmitDOn();
inline void xmitStrobe(void)
{
xmitSTRBOn();
asm volatile ("nop\n\t"
"nop\n\t"
"nop\n\t"
"nop\n\t"
"nop\n\t"
"nop\n\t"
xmitSTRBOff ();
}
Appendix B
Schematics and PCB Layouts
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Figure B-6: LED board (layout)
Figure B-7: Driver (layout)
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